An Escherichia coli strain has been constructed that produces the copolymer poly-(3-hydroxybutyrate-co-3-hydroxyvalerate) P(HB-co-HV). This has been accomplished by placing the PHB biosynthetic genes from Alcaligenes eutrophus into an E. colifadR atoC(Con) mutant and culturing the strain in M9 minimal medium containing glucose and propionate. 3-Hydroxyvalerate incorporation is absolutely dependent on the presence of both glucose and propionate, and 3-hydroxybutyrate-3-hydroxyvalerate ratios in the copolymer can be manipulated by altering the propionate concentration and/or the glucose concentration in the culture. P(HB-co-HV) production can be accomplished by using a wide variety of feeding regimens, but the most efficient is to allow the culture to grow to late log phase in minimal medium containing acetate and then add glucose and propionate to initiate copolymer production. A broad range of propionate concentrations can be used in the culture to stimulate 3-hydroxyvalerate incorporation; however, the most efficient utilization of propionate occurs at concentrations below 10 mM. 3-Hydroxyvalerate molar percentages in the copolymer are relatively constant over the course of growth. The copolymer has been purified and confirmed to be P(HB-co-HV) by gas chromatography/mass spectrometry and differential scanning calorimetry.
Polyhydroxyalkanoates are a class of carbon and energy storage polymers produced by numerous bacteria in response to environmental stress (1, 4, 10, 27) . These polymers, and the bacterial species that produce them, have been the focus of extensive research and commercial interest because of their potential use as biodegradable thermoplastics (11, 14, 17, 19, 20) . Commercialization efforts have focused primarily on the bacterium Alcaligenes eutrophus because of this organism's capacity to produce large quantities of intracellular polymer (23) , the wealth of research already accomplished with it (1, 4, 27) , and its demonstrated ability to produce the homopolymer poly-3-hydroxybutyrate (PHB) as well as the copolymer poly-(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(HB-co-HV)] (3). The P(HB-co-HV) copolymer produced by A. eutrophus has been of particular interest because it is more flexible than the PHB homopolymer and is obtained relatively easily by adding propionate to the growingA. eutrophus culture. Moreover, the 3-hydroxyvalerate (3-HV) content of P(HB-co-HV) can be regulated through the alteration of propionate levels in the medium, resulting in a series of different thermoplastics having various degrees of flexibility.
The operon responsible for PHB production in A. eutrophus has been cloned and expressed in Escherichia coli (18, 24, 25) and in one laboratory has directed the accumulation of PHB to intracellular concentrations as high as 95% (polymer weight per cell dry weight [12] ). However, polymer produced in recombinant E. coli has not been shown to contain detectable levels of 3-HV when the culture is grown by employing regimens that stimulate 3-HV incorporation in A. eutrophus. This finding raises basic questions regarding the mode of P(HB-co-HV) production and the apparent deficit which disallows 3-HV synthesis in E. coli.
Although the biosynthetic pathway for 3-HV production in A. eutrophus has not been elucidated, a reasonable scenario * Corresponding author.
would be that intracellular propionate is converted to propionyl-coenzyme A (CoA) by a propionyl-CoA synthetase, followed by condensation with acetyl-CoA to make acetopropionyl-CoA through the action of 3-ketothiolase, the first enzyme of the PHB biosynthetic pathway. Thereafter, the 5-carbon compound would be accepted as an alternate substrate by the other two enzymes of the PHB pathway, resulting in its incorporation into the growing polymer. Support for this model comes from researchers who have shown that (i) propionate is incorporated directly into P(HBco-HV) with few intermediate steps (5) and (ii) the three enzymes of the PHB biosynthetic pathway have substrate specificities that would allow for this model (7, 8, 9) .
On the basis of the above model, one explanation for the lack of copolymer production in E. coli is that the bacterium does not possess an efficient system for the conversion of propionate to propionyl-CoA in the culture conditions used. This is consistent with the fact that when E. coli is grown in a rich medium, the pathways of fatty acid uptake and fatty acid utilization are not expressed because of regulation by the atoC (activator) andfadR (repressor) genes, respectively (13, 15, 22) . However, when an E. coli culture growing in rich medium is shifted to medium containing acetate and/or propionate as the sole carbon source, derepression occurs and detectable growth will occur after an adaptation period ranging from several hours to several days (13, 15, (28) (29) (30) . Moreover, when genetic regulation of fatty acid uptake and utilization is eliminated by atoC(Con) and fadR mutations, the enzymes of acetate and propionate utilization are constitutively expressed, and E. coli grows relatively well in acetate or propionate without the need for an adaptation period (15, 26) .
These results, taken together with the model proposed above, suggest that employment of an E. coli fadR atoC (Con) mutant in conjunction with the A. eutrophus PHB biosynthetic genes could result in the production of P(HB-co-HV). We have done experiments to test this hy-pothesis, and in this paper we report the production of P(HB-co-HV) in a recombinant E. coli strain.
MATERLILS AND METHODS
Bacterial strains, plasmids, and culture conditions. E. coli LS5218 [fadR601 atoC2(Con)] was obtained from the E. coli Genetic Stock Center at Yale University. E. coli HMS174 (recAl hsdR; Rif) was obtained from the American Type Culture Collection (ATCC 47011). Plasmid p4A, containing the PHB biosynthetic genes, was constructed in our laboratory and has been described previously (12) . Cultures were routinely propagated on Luria agar containing the appropriate antibiotic (if necessary) at concentrations specified previously (16) . Experiments were conducted with 50 ml of the appropriate medium contained in a 250-ml baffled Erlenmeyer flask. Cultures were grown at 37°C on an orbital incubator at 240 rpm. Alterations of these conditions for individual experiments are as described in the text. All experiments were repeated at least three times. Typical data is shown. All medium constituents added as percentages are in weight/volume unless otherwise noted.
Construction of new strains and plasmids. Plasmid pJM9123 was constructed by digesting plasmid p4A with restriction endonucleases Dral and EcoRI. The resulting 6.5-kb fragment carrying the PHB operon and plasmid origin of replication was made blunt ended by using Klenow polymerase with the appropriate reaction conditions (16) . The blunt-ended fragment was subsequently ligated to a 1.6-kb fragment obtained from plasmid pKG1022 (6) by digestion with the restriction endonuclease HincII. This fragment contains the kanamycin resistance gene and the parB locus (6) .
E. coli MD9101 was derived from E. coli LS5218 by using a P1 transducing lysate of E. coli RM1981 (recA56srl::TnJO), which was kindly provided by Russ Maurer, Case Western Reserve University. E. coli LS5218 was transduced with this lysate, and transductants were selected on Luria agar containing tetracycline (16) . Transductants carrying the recA mutation were identified by measuring their sensitivity to UV light (16) .
Gas chromatographic analysis. The procedure of Braunegg et al. was used to prepare bacterial samples for gas chromatography (GC) (2) . Chromatography was done with a Shimadzu GC-14A gas chromatograph, using a 0.53-,um-diameter DB-17 (J & W Scientific) column 15 m in length. Injection volumes ranged between 1 and 2.5 ,ul, and injection was in the splitless mode. Carrier gas was helium at an approximate velocity of 5 ml/min. The analysis started at 55°C for 1 min, whereupon it was increased to 200'C at the rate of 8°C/min. After reaching 200°C, the temperature was held stable for 5 min before the analysis was terminated.
Purification of P(HB-co-HV) copolymer. Cells containing the copolymer were pelleted by centrifugation at 7,000 rpm for 7 min in a Beckman JA-10 rotor, and the pellet was washed two times with deionized water. The resulting concentrated cell paste was dried in a lyophilizer, and the dried cell pellets were extracted for 2 to 3 h with a Soxhlet extractor, using chloroform as the extracting agent. The copolymer was precipitated from the chloroform solution by the slow addition of diethyl ether. The resulting precipitate was redissolved in chloroform, and the precipitation was done two more times. The final precipitate was filtered onto Whatman paper and air dried.
Gas chromatography-mass spectrometry (GC/MS) analysis. Purified polymer, prepared as above, was dissolved in Dry weight analysis. Duplicate 5-ml samples were removed and placed into preweighed borosilicate glass culture tubes (16 by 100 mm). The cell pellet was obtained by centrifugation at 3,000 x g for 10 min, and the supernatant was removed. The pellet was washed twice with deionized water and then allowed to dry for several days at 37°C. Tubes containing the dried pellets were weighed, and the cell dry weight per milliliter of culture was calculated from the collected data.
RESULTS AND DISCUSSION
Production of P(HB-co-HV) in E. coli. Initial analysis of P(HB-co-HV) production by E. coli was carried out with either a wild-type strain (HMS174) or a strain mutant at the fadR and atoC loci (LS5218), with both strains carrying the A. eutrophus PHB operon on plasmid p4A (Table 1) . Both strains were grown in M9 minimal medium containing 40 mM acetate-10 mM propionate-50 ,ug of ampicillin per ml until they reached an optical density at 600 nm (OD600) of approximately 0.8. At this time, they were subcultured into the designated medium, grown for 24 h, and assayed for polymer content and composition. E. coli HMS174(p4A) produced a considerable amount of PHB, but, despite the continuous presence of both acetate and propionate as potential inducers of propionate metabolic pathways, no 3-HV could be detected in the resulting polymer. In contrast, E. coli LS5218(p4A) produced 3-HV at levels between 10 and 40 mol% of the total polymer. Production of 3-HV was absolutely dependent on the presence of propionate in the medium but independent of the presence of acetate. Elimination of glucose eliminated polymer production altogether, even in the presence of propionate. We concluded that P(HB-co-HV) production is feasible in a fadR atoC(Con) mutant of E. coli. In other experiments (data not shown), we have been able to obtain P(HB-co-HV) production (as high as 40 mol% 3-HV) in E. coli HMS174(p4A) by first growing it in M9 medium plus propionate for several days, followed by a short period (2 to 4 h) of P(HB-co-HV) production initiated by the addition of glucose. However, if polymer production is allowed to proceed for 20 to 24 h, the molar percentage of 3-HV decreases to the point that it becomes insignificant (less than 1%). This suggests that a small amount of copolymer is made upon the addition of glucose, but as repression of propionate utilization enzymes occurs (28) , the intracellular propionyl-CoA pools disappear and copolymer production ceases.
Enhancement of 3-HV levels in the copolymer. Although the 3-HV levels in our initial experiments were significant, we theorized that these levels could be increased by adding two alterations to our procedure. First, because propionate is toxic to cells, it might be possible to increase 3-HV content in the copolymer by delaying the time of propionate addition. Second, since catabolite repression of acetate and propionate utilization genes has been implicated in the literature (28) and in our findings (see above) and since the fadR and atoC(Con) mutations would not be able to circumvent this repression, it seemed likely that the 3-HV concentration in the copolymer would be affected by the time of addition of the glucose. That is, if the glucose was added at the time of inoculation, the intracellular glucose might inhibit the expression of enzymes necessary for the conversion of propionate to propionyl-CoA, thereby decreasing the final 3-HV content of the copolymer. Therefore, it might be important to initiate polymer production by the addition of glucose late in exponential growth phase. To test these hypotheses, cultures were grown under two regimens. In the first, E. coli MD9101(pJM9123) (see Materials and Methods for construction) was inoculated into flasks containing M9 minimal medium-25 mM acetate-50 ,ug of kanamycin per ml-1% (wt/vol) glucose. In addition, each flask had a different propionate concentration (2.5 to 40 mM). The cultures were grown for 24 h, harvested, and analyzed for P(HB-co-HV) content. In the second strategy, the same strain was used to inoculate flasks containing M9 minimal medium-25 mM acetate-50 ,ug of kanamycin per ml and was allowed to grow to an OD60 of approximately 0.8. At this time, glucose was added to each flask to obtain a final concentration of 1% (wt/vol), and propionate was added to final concentrations between 2.5 and 40 mM. The cultures were grown for 24 h, harvested, and analyzed for P(HB-co-HV) content (Fig. 1) 31 mM, but levels above this are highly toxic to the cells, resulting in lower copolymer production and inhibition of cell growth (21) . In shake-flask experiments utilizing recombinant E. coli MD9101(pJM9123) grown in M9 minimal medium-25 mM acetate-50 ,ug of kanamycin per ml-1% (wt/vol) glucose with a broad range of propionate concentrations (Fig. 2) total copolymer produced stayed relatively constant over a wide range of propionate concentrations, and it was not until the propionate concentration reached 100 mM that any change potentially attributable to toxicity could be seen. At this point (100 mM propionate), the total polymer production decreased slightly (from 3.5 to 3 mg of polymer per ml of culture). Interestingly, this reduction was due to a decrease in the 3-hydroxybutyrate (3-HB) fraction of the copolymer and had the result of increasing the 3-HV fraction to almost 50 mol%. In separate experiments (data not shown), we have seen evidence of toxicity (as judged by a decrease in total polymer production) at propionate concentrations as low as 75 mM. With 10 mM propionate in the feedstock, the propionate was converted to 3-HV with an efficiency of greater than 95%.
Effect of glucose concentration on copolymer content. In previous work, we have observed that the concentration of glucose greatly affects the amount of PHB produced in E. coli (data not shown). In general, the rate of PHB production is directly proportional to the glucose concentration in the culture at glucose concentrations up to 1% (wt/vol) but then starts to decrease until it reaches a maximum at glucose levels between 2 and 3% (wt/vol). These data suggest the possibility that the concentration of glucose in the medium would affect the 3-HV content of the copolymer. To test this hypothesis, E. coli MD9101(pJM9123) was grown in different flasks containing M9 minimal medium-25 mM acetate-50 ,ug of kanamycin per ml until the OD600 reached approximately 0.8. At this time, propionate was added to a final concentration of 25 mM, and glucose was then added to final concentrations ranging between 0.2 and 2% (wt/vol). The cultures were allowed to grow for 24 h, harvested, and analyzed for copolymer production (Fig. 3) . In these experiments, the 3-HV concentration in the copolymer increased in a manner that was directly proportional to the glucose concentration. Thus, ready availability of glucose (and therefore of acetylCoA) apparently drives total polymer production, as well as the 3-HV content of the copolymer. Copolymer content as a function of growth time. Because the 3-HV content of the copolymer responds to the propionate and glucose concentration in the culture, it could be hypothesized that the 3-HV content of the copolymer would quickly reach a maximum (because of high propionate and high glucose) but would thereafter slowly decrease as the propionate and glucose levels decreased. To test this hypothesis, a time-course analysis was conducted. E. coli MD9101(pJM9123) was grown in M9 minimal medium-25 mM acetate-50 ,ug of kanamycin per ml until it reached an OD600 of approximately 0.8. At this time, propionate and glucose were added (25 mM and 0.4% [wt/vol] final concentrations, respectively), and growth was continued for 44 h. Samples were taken at selected times and analyzed for total polymer and individual monomer levels (Fig. 4) . 3-HV levels increased to 10 mol% in the first 6 h after glucose addition, reached a maximum of 15 mol% at 13 h after glucose addition, and thereafter slowly decreased to 12 mol% at 44 h after glucose addition. Total copolymer accumulation increased for the first 28 h of the growth period and then remained fairly level between 30 and 44 h after glucose addition (data not shown).
Physical characterization of the copolymer. To verify its composition, the E. coli copolymer containing 15 mol% 3-HV (by gas chromatographic analysis) was purified and analyzed by GC/MS and differential scanning calorimetry. In GC/MS experiments, the E. coli polymer was directly compared with P(HB-co-HV) obtained from a commercial source (Fig. 5) . The spectrographs indicate that the recombinant E. coli is producing both 3-HB and 3-HV.
In addition to increasing the flexibility of the product, the incorporation of 3-HV into the 3-HB homopolymer also decreases the melting temperature from its normal 174°C (11) . This decrease in melting temperature is proportional to the percentage of 3-HV incorporation in the copolymer. Therefore, the purified E. coli copolymer containing 15 mol% 3-HV should exhibit a significant decrease in melting temperature. In differential scanning calorimetry experia) 25 Mass/Charge FIG. 5 . GC/MS of P(HB-co-HV) standard and E. coli-derived P(HB-co-HV). (A) MS of 3-HB peak of P(HB-co-HV) standard; (B) MS of 3-HV peak of P(HB-co-HV) standard; (C) MS of 3-HB peak of P(HB-co-HV) produced in E. coli; (D) MS of 3-HV peak of P(HB-co-HV) produced in E. coli. ments, we determined that the melting temperature of the PHB homopolymer made in E. coli was 174°C, while the melting temperature of the copolymer was 159°C (data not shown). In control experiments, PHB from a commercial source had a melting temperature of 173.5°C and P(HB-co-HV) (30% 3-HV content) had a melting temperature of 1370C.
Finally, we cast a thin film of the E. coli copolymer by pouring the dissolved copolymer onto a glass plate and allowing the chloroform to evaporate. This was also done for a sample of PHB homopolymer. The P(HB-co-HV) film was more transparent than the PHB film and was considerably more flexible and elastic.
In conclusion, by altering the intermediary metabolism of E. coli, we have successfully manipulated the composition of polyhydroxyalkanoate produced in recombinant E. coli cells. Our strategy centered on genetically eliminating the regulation of E. coli genes required for propionate metabolism (constitutive derepression), and it resulted in the uptake and incorporation of propionate into P(HB-co-HV). The approach was straightforward, primarily because of the excellent genetics available in E. coli, and it clearly demonstrates the potential benefits of E. coli as a system for metabolic engineering.
Strains constructed in our laboratory utilize propionate with greater than 95% efficiency, tolerate a propionate concentration of up to 1% in the growth medium, accumulate polymer up to 80% of cellular dry weight, alter the 3-HB-3-HV ratio in the final polymer in response to propionate concentrations in the medium, and do not require specific nutrient limitations for polymer production.
Although total polymer yields per liter were relatively low in these experiments (compared with yields from commercial procedures employingA. eutrophus), they were typical for shake-flask growth. We expect that both total biomass and polymer yield will increase significantly during growth in a fermentor, and preliminary experiments indicate that this is the case. VOL. 58, 1992 ,-II, A . I I I , .
